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ABSTRACT

The geo-effectiveness of coronal mass ejections (CMEs) is determined primarily by their magnetic

fields. Modeling of Gyrosynchrotron (GS) emission is a promising remote sensing technique to measure

the CME magnetic field at coronal heights. However, faint GS emission from CME flux ropes is hard

to detect in the presence of bright solar emission from the solar corona. With high dynamic-range

spectropolarimetric meter wavelength solar images provided by the Murchison Widefield Array, we

have detected faint GS emission from a CME out to ∼ 8.3 R⊙, the largest heliocentric distance reported

to date. High-fidelity polarimetric calibration also allowed us to robustly detect circularly polarized

emission from GS emission. For the first time in literature, Stokes V detection has jointly been used with

Stokes I spectra to constrain GS models. One expects that the inclusion of polarimetric measurement

will provide tighter constraints on GS model parameters. Instead, we found that homogeneous GS

models, which have been used in all prior works, are unable to model both the total intensity and

circular polarized emission simultaneously. This strongly suggests the need for using inhomogeneous

GS models to robustly estimate the CME magnetic field and plasma parameters.

1. INTRODUCTION

Large-scale eruptions of plasma and magnetic fields

from the solar corona into the heliosphere are known as

Coronal Mass Ejections (CMEs). CMEs are the most

crucial phenomena determining the space weather. The

geo-effectiveness of a CME is determined primarily by

its magnetic field strength and topology (Vourlidas et al.

2019; Besliu-Ionescu & Mierla 2021). CME magnetic

fields may get modified as they propagate through the

corona and the heliosphere due to interactions with the

coronal magnetic fields, interplanetary magnetic fields,

and other heliospheric structures. Observations at radio

wavelengths provide a few different useful methods to

measure the plasma parameters of the CMEs at coronal

and heliospheric heights. These include thermal free-

free emission from CME plasma (e.g., Gopalswamy &

Kundu 1992; Gopalswamy & Kundu 1993; Ramesh et al.

2003; Ramesh et al. 2021, etc.), coherent plasma emis-
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sions from CME shocks (type-II radio bursts) (e.g., Nel-

son & Melrose 1985; Gopalswamy 2000; Cairns et al.

2003; Gopalswamy et al. 2019; Jebaraj, I. C. et al. 2021,

etc.), coherent plasma emissions from CME cores (type-

IV radio bursts) (e.g., Krishnan &Mullaly 1961; Ramaty

1969; Kumari et al. 2017; Morosan et al. 2019, etc.) and

gyrosynchrotron (GS) emission from CME plasma (e.g.,

Bastian et al. 2001; Tun & Vourlidas 2013; Bain et al.

2014; Carley et al. 2017; Mondal et al. 2020, etc.). At

coronal heights GS emission from mildly relativistic elec-

trons gyrating in the CME magnetic field (e.g., Bastian

et al. 2001; Tun & Vourlidas 2013; Mondal et al. 2020,

etc.) is one of these few methods that can be used to

measure the CME-entrained magnetic fields. Since the

first imaging detection and modeling by Bastian et al.

(2001), there have been only a handful of studies that

have successfully managed to detect faint GS emission

from CME loops (Maia et al. 2007; Carley et al. 2017;

Mondal et al. 2020). This scenario is changing over the

past few years with the high dynamic-range (DR) and

high-fidelity spectropolarimetric meter wavelength solar

radio images provided a robust polarimetric calibration

and imaging algorithm – Polarimetry using Automated
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Imaging Routine for the Compact Arrays for the Radio

Sun (P-AIRCARS; Mondal et al. 2019; Kansabanik et al.

2022b,c, 2023a) using observations with the Murchison

Widefield Array (MWA; Tingay et al. 2013; Wayth et al.

2018). It is now possible to detect much fainter GS emis-

sions from CMEs with MWA solar observations (Kans-

abanik et al. 2023b).

Even with the routine and reliable detection of GS

emission from CMEs, estimating the plasma parame-

ters from the observed GS spectrum remains challeng-

ing. The GS model requires ten free parameters even

for the simplest homogeneous and isotropic plasma dis-

tributions with a single power-law energy distribution

of non-thermal electrons (Fleishman & Kuznetsov 2010;

Kuznetsov & Fleishman 2021b). Constraining all of

these GS model parameters only using the total intensity

(Stokes I) spectrum is not possible and requires several

assumptions to be made. Using the high-fidelity and

high DR spectropolarimetric imaging with the MWA,

K23 demonstrated that the availability of even strong

upper limits on the Stokes V measurements, along with

the Stokes I spectra, can significantly improve the con-

straints on the GS model parameters and lift some of

the degeneracies in the model parameters. We note that

this, and all prior work on modeling of CME GS spectra,

assume homogeneous distributions of all plasma param-

eters along the line-of-sight (LoS).

The radio emission from the CME under considera-

tion here is significantly brighter than the one studied

by K23 and this has helped us detect the Stokes V emis-

sion from a part of the CME contrary to K23, where

authors were only able to provide an upper limit to the

absolute Stokes V flux density. For the first time, this

work simultaneously uses constraints from a Stokes V

detection along with Stokes V upper limits and Stokes

I detections to constrain the GS model parameters.

This article is organized as follows –Section 2 describes

the observation and the data analysis. The imaging re-

sults are presented in Section 3, along with the discus-

sion about the origin of the radio emission. Section 4

describes spectral modeling using a homogeneous GS

model. Validity of the homogeneous and isotropic as-

sumptions of GS emission to model the observed spec-

tra is discussed in Section 5 followed by simulations to

explore the effects of inhomogeneity of plasma param-

eters along the LoS in Section 6. Section 7 presents a

conclusion of the work followed by a discussion of future

work in Section 8.

2. OBSERVATION AND DATA ANALYSIS

We present the MWA observation on 04 May 2014 in

this study. A total of six active regions were present on

2014 May 03 21:12 UTC

Figure 1. Eruption of CME-2 observed using
SDO/AIA spacecraft. Eruption of CME-2 observed using
SDO/AIA spacecraft. CME-2 erupted from the visible part
of the solar disc. A composite base difference image from the
Atmospheric Imaging Assembly (AIA) onboard SDO at 171
Å and LASCO C2 coronagraph image onboard the SOHO
spacecraft is shown. The red box shows the active region
12047, which is the eruption site for CME-2, and the red
arrow shows the propagation direction.

the visible part of the solar disk1 on this day. Although

no large flares (M or X GOES class) are reported, a to-

tal of nine CMEs erupted on this day as reported in the

CME catalog provided by the Coordinated Data Anal-

ysis Workshop (CDAW)2. Most of these CMEs are re-

ported as “poor events”. Of these, two CMEs overlap

with the MWA observing window – one of them prop-

agates towards solar north (CME-1) and the other to-

wards southwest (CME-2). This paper focuses on CME-

2. A detailed spectropolarimetric imaging and modeling

study of the CME-1 was presented in Kansabanik et al.

(2023b) (hereafter K23).

2.1. Eruption and Evolution of CME-2

The CME-2 erupted from the active region 12047

present on the visible part of the Sun. The eruption site

is the bright spot inside the red box in Figure 1. CME-2

first appeared in the field-of-view (FoV) of the C2 coro-

nagraph of the Large Angle Spectroscopic Coronagraph

(LASCO; Brueckner et al. 1995) onboard the Solar and

1 Flare list on solarmonitor.org
2 CDAW CME list on 04 May 2014

https://www.solarmonitor.org/?date=20140504
https://cdaw.gsfc.nasa.gov/CME_list/UNIVERSAL/2014_05/univ2014_05.html
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Heliospheric Observatory (SOHO; Domingo et al. 1995)

at 20:48 UTC on 03 May 2014. It was visible in LASCO

C3 coronagraph until 02:06 UTC on 2014 May 04 up to

about 17 R⊙. The CDAW catalog classified the CME-2

as a partial halo CME.

2.2. Radio Observation and Data Analysis

CME-2 was observed at meter-wavelength radio bands

using the MWA on 2014 May 04 from 00:48 UTC to

07:32 UTC under the project ID G00023. The MWA

observing band is split into 12 frequency bands, each

of width 2.56 MHz, and centered around 80, 89, 98,

108, 120, 132, 145, 161, 179, 196, 217, and 240 MHz.

The temporal and spectral resolution of the MWA data

were 0.5 s and 40 kHz, respectively. Typically different

types of radio bursts, such as type-II, -III, and/or -IV

(Gopalswamy 2011; Carley et al. 2020), are associated

with CMEs. During this time no solar radio bursts were

reported (Kansabanik et al. 2023b). We performed the

polarization calibration and full Stokes imaging of the

MWA observations using P-AIRCARS. Integration of 10

s and 2.56 MHz was used for imaging for all 12 frequency

bands. All polarization images follow the IAU/IEEE

convention of Stokes parameters (IAU 1973; Hamaker

& Bregman 1996).

3. RESULTS

This section presents the results from the wideband

spectropolarimetric imaging observation of CME-2 us-

ing the MWA and the possible mechanisms that can

give rise to it.

3.1. Radio Emission from CME-2

Figure 2 shows a sample Stokes I image at 80.62 MHz

using the white contours overlaid on LASCO C2 and

C3 running difference images. This work focuses on the
radio emission associated with CME-2 marked by the

green box. The study of another extended radio emis-

sion feature seen towards the southeast in Figure 2 is

co-located with a streamer and is beyond the scope of

this work.

The extended radio emission is detected in all 12 fre-

quency bands each of 2.56 MHz bandwidth, centered at

80, 89, 98, 108, 120, 132, 145, 161, 179, 196, 217, and

240 MHz. The evolution of the radio emission with fre-

quency for a single time slice centered at 01:24:55 UTC

is shown in Figure 3. Frequency increases from the top

left to the bottom right of the figure. The spatial extent

of radio emission shrinks to lower heliocentric heights

with increasing frequency. At the lowest frequency, 80

3 MWA Archive

8.3 R
☉

Leading edge 
of CME

Figure 2. Stokes I emissions at 80 MHz are shown by the
white contours overlaid on the LASCO C2 and C3 running
difference image of CME-2 at 01:30 UTC on 2014 May 04.
The radio image is at 01:24:55 UTC. Contour levels are at
0.5, 1, 2, 4, 6, 8, 20, 40, 60, and 80 % of the peak flux den-
sity. Radio emission marked by the green box is associated
with CME-2 and is the focus of this work. The emission is
detected up to 8.3 R⊙, shown by the cyan circle. The yellow
curved line shows the leading edge of the CME-2.

MHz, the radio emission extends up to 8.3 R⊙, while at

240 MHz the emission is seen only out to ∼ 2 R⊙.

3.2. Possible Radio Emission Mechanisms

Metre-wavelength radio emission associated with

CMEs can arise due to several possible emission mecha-

nisms – plasma emission, thermal free-free emission, and

GS emission. Hence, before modeling the observed spec-

tra, one needs to identify the dominant emission mech-

anism responsible for the emission. To determine the

emission mechanism of the observed radio emission from

CME-2, we have followed a similar path as described in

Kansabanik et al. (2023b).

First, we looked for the possibility of plasma emission.

For that, the average coronal electron density (ne) is es-

timated from the LASCO-C2 white light coronagraph

images, using the inversion method developed by Hayes

et al. (2001). Estimated ne varies from ∼ 0.7×106 cm−3

to∼ 1.25×106 cm−3 at the location of the radio emission

associated with CME-2. This leads to a corresponding

plasma frequency of about 7.1 MHz, more than an order

of magnitude lower than the frequencies (a few hundred

MHz) at which radio emission from CME-2 is detected.

http://ws.mwatelescope.org/metadata/find
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Time : 2014 May 04, 01:24:55 UTC

Figure 3. Stokes I radio emission from CME-2 at MWA frequency bands at 2014 May 04, 01:24:55 UTC. Stokes
I emissions are shown by contours overlaid on LASCO C2 and C3 base difference images. Frequency increases from the top left
panel of the image to the bottom right panel. Contour levels are at 0.5, 1, 2, 4, 6, 8, 20, 40, 60, and 80 % of the peak flux
density. Cyan arcs mark the faint leading edge of the CME-2.
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Figure 4. Disturbances in magnetic fields are seen in the movie as the CME-2 passes over the region marked by red boxes
in the static figure. The movie starts on 03 May 2014 15:12:08 UTC, and ends on 04 May 2014 02:36:05 UTC, covering the
first appearance of CME-2 in the LASCO C2 FoV at 03 May 2014 20:48 UTC. The static figure shows some snapshots of the
movie with increasing time from the top-left to the bottom-right corner. The first row shows three snapshots before CME-2
appeared in the LASCO C2 FoV on 03 May 2014, at 20:00:05, 20:24:04, and 20:48:05 UTC, respectively. In these three frames,
the streamer marked by black arrows maintains its morphology and shows two distinct sharp features. The region between
these two distinct features is marked by a blue dotted line in the first panel. In the second row, three snapshots are shown
while CME-2 is passing the streamer region, at 03 May 2014, 21:24:05, 21:48:05, and 22:13:06 UTC. The faint leading edge of
the CME is marked by yellow dashed lines. During this time the streamer starts changing its morphology, becoming wider and
more diffused. The third row shows snapshots after CME-2 has passed the streamer region and at 23:12:12 on 03 May 2014
and 01:25:48, and 02:24:06 UTC on 04 May 2014, respectively. In these three snapshots, the two distinct components of the
streamer almost merge and make a much wider diffused structure. These signatures show disturbances in the magnetic field
structures of the streamer region after the CME-2 has passed over there. (A base difference movie of LASCO C2 is available
here. Timestamps are at the bottom left corner of the movie.)
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This rules out plasma emissions as a possible mecha-

nism.

The next possibility that we examined is the thermal

free-free emission. The emission could arise from either

optically thick or thin free-free emission. We have esti-

mated free-free optical depth as (Gary & Hurford 1994),

τν ≈ 0.2

∫
n2
e dl

ν2 T
3
2
e

. (1)

where, Te ≈ 106 K is the coronal plasma temperature, ν

is the emission frequency and l is the length of the path

segment along the LoS. In this expression, magnetic field

contribution is not considered, because that does not

affect Stokes I emission.

The electron density drops rapidly with increasing

coronal height, dropping by more than an order of mag-

nitude between 2 and 5 R⊙ (Hayes et al. 2001; de Patoul

et al. 2015). Hence, while integrating Equation 1, we ig-

nore the contributions to ne from beyond 5 R⊙. For a

LoS with a plane-of-sky distance of ∼3 R⊙, this leads

to a LoS depth of about 8 R⊙ within a sphere of 5 R⊙.

Considering these average values, τν becomes unity at

ν ≈ 31 MHz. The MWA observing frequency ranges

from 80 - 240 MHz, which is many times higher than

this value. Hence, the medium is not optically thick

and rules out the optically thick free-free emission as

one of the possible emission mechanisms.

The brightness temperature (TB) of optically thin free-

free emission is proportional to ν−2. This implies a

flat flux density spectrum. TB for optically thin free-

free emission can be written as (Gopalswamy & Kundu

1992),

TB =
< ne >

2 L

5 T 0.5
e ν2

(2)

where, < ne > is the average ne along the LoS and L is

the LoS depth. Using this expression, we have estimated

optically thin TB is ∼ 1235 K. The rms TB of the image

at 100 MHz is ∼1100 K. Hence, the contribution from

optically thin free-free emission from coronal plasma is

below our detection limit.

The only likely emission mechanism remaining is the

GS emission. In this instance, the faint GS emission

from the CME plasma is detected out to a heliocentric

distance of 8.3 R⊙, the largest distance to which detec-

tion of such emission has been reported to date.

As is evident from Figure 2, the radio emission is not

coming from the leading edge of the CME-2 (marked

by the yellow curved line), but from behind it. Based

on an examination of LASCO-C2 running difference im-

ages it has been found that as the CME passes, the

pre-existing streamer structures are disturbed, but they

are not completely disrupted even after the CME has

moved out. Disturbances in magnetic fields are seen

in the LASCO C2 base difference movie as the CME-2

passes over the region marked by red boxes in the static

Figure 4. This static figure shows some snapshots of

the movie with increasing time from the top-left to the

bottom-right corner. The first row shows three snap-

shots before CME-2 appeared in the LASCO C2 FoV. In

these three frames, the streamer marked by black arrows

maintains its morphology and shows two distinct sharp

features. The dividing region of these two distinct fea-

tures is marked by a blue dotted line in the first panel. In

the second row, three snapshots are shown while CME-2

is passing the streamer region. The faint leading edge

of the CME is marked by yellow dashed lines. During

this time the streamer starts changing its morphology,

becoming wider and more diffused. The third row shows

snapshots after CME-2 has passed the streamer region.

In these three snapshots, the two distinct components

of the streamer almost merge and make a much wider

diffused structure. These signatures show disturbances

in the magnetic field structures of the streamer region

after the CME-2 has passed over there.

Disturbed magnetic field structures are visible inside

the red box as CME-2 passes that region. Similar den-

sity enhancements and disturbances in streamer struc-

tures are also seen in STEREO-A COR2 base difference

images.

We conjecture that the disturbed magnetic field from

this region of interaction between the CME and the

pre-existing streamer leads to some magnetic reconnec-

tion activity, which, in turn, produces mildly relativistic

electrons. These electrons in the presence of the mag-

netic fields of that region give rise to the observed GS

radio emission. With the currently available observa-

tions, there is no other independent way to confirm the

presence of nonthermal electrons at these high coronal

heights.

3.3. Robust Detection of Circularly Polarized Radio

Emission Associated With CME-2

Unlike most of the previous studies (Bastian et al.

2001; Carley et al. 2017; Mondal et al. 2020), this study

presents high-fidelity full Stokes imaging of GS emis-

sion from a CME. The quality of polarimetric calibra-

tion and imaging provided by P-AIRCARS is compa-

rable to high-quality astronomical observations (Kans-

abanik et al. 2022c), which typically provides residual

Stokes I to V leakage of ∼ 0.1%.

K23 presented a study of CME-1 which did not have

a Stokes V detection from the CME plasma, but the au-

thors placed stringent upper limits on it. Unlike K23,

Stokes V emission is detected with high significance over
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Figure 5. Left panel: Circular polarization image at 98 MHz. Background colormap shows percentage circular polarization
and the contours represent the Stokes I emission. Contours at 0.5, 1, 2, 4, 8, 20, 40, 80 % level of the peak Stokes I flux density.
Three dashed circles are at 1, 3, and 6 R⊙ and are shown by cyan, magenta, and green colors, respectively. Right panel:
Regions of northern CME where spectra have been extracted. Contours at 0.5, 0.8, 2, 4, 6, 8, 20, 40, 60, and 80 % levels of the
peak Stokes I at 80 MHz are overlaid on the LASCO C2 and C3 coronagraph images. Red regions are those where spectrum
fitting is done. Spectrum modeling is not done for green regions. Spectrum fitting is also done for yellow regions, which also
have Stokes V detection at 98 MHz.

a small part of Stokes I emission associated with CME-2.

Percentage Stokes V image at 98 MHz is shown as the

left panel of the background color map in Figure 5 and

corresponding Stokes I emission is shown by contours.

Stokes V emission rises above the detection threshold

only at 98 MHz and only for the two PSF-sized regions

marked by yellow ellipses in the right panel of Figure 5.

For other frequencies and other regions, we only have

the stringent Stokes V upper limits estimated following

the method used in K23 and briefly discussed later in

Section 4. Residual instrumental leakage for Stokes V

is < |1%|. The average polarization fraction detected

over the regions marked by yellow ellipses in the right

panel of Figure 5 is ∼ 50%. It is more than an order of

magnitude larger than the residual instrumental polar-

ization leakage and clearly establishes the robustness of

the Stokes V detection.

3.4. Spatially Resolved Spectroscopy

We performed spatially resolved spectroscopy of the

radio emission from CME-2 using wideband spectropo-

larimetric imaging observations with the MWA. Images

are convolved with the PSF of the lowest observing fre-

quency, 80 MHz. Then, spectra are extracted from the

same PSF regions. These PSF-sized regions are marked

in the right panel of Figure 5. For flux measurements

at a given frequency to be considered reliable, we have

followed the same criteria as used by K23. All of the

criteria must be satisfied to consider a spectral point as

detection. These criteria are as follows:

1. f > µ+ 5σ

2. f > 5α

3. f > 5|n|,
where f is the flux density of a PSF-sized region, n is the

deepest negative close to the Sun, σ and µ are the rms

noise and mean, respectively, calculated over a region

close to the Sun, and α is the rms noise estimated far

away from the Sun. These stringent criteria ensure that

any contamination due to possible imaging artifacts is

small. Uncertainty on Stokes I flux density is denoted

by σI and on Stokes V by σV . Spectra are fitted for

the regions marked in red and yellow in the right panel

of Figure 5 which meet the detection criteria in more

than five spectral bands. Although radio emission is

detected up to 240 MHz, at high-frequency bands the

emissions cover a region smaller than the size of the

PSF at 80 MHz. For this reason, these spectral points

are not included in further analysis even though they

satisfy the above three criteria.
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4. SPECTRAL MODELING USING

HOMOGENEOUS SOURCE MODEL

To date, all modeling of the GS radio emissions from

CMEs has been done assuming a homogeneous source

model along the LoS (e.g., Bastian et al. 2001; Bain

et al. 2014; Tun & Vourlidas 2013; Mondal et al. 2020;

Kansabanik et al. 2023b, etc.). Such a homogeneous

GS source is populated with mildly relativistic electrons

following a single power-law energy distribution. This

simple GS model already has ten independent parame-

ters – magnetic field strength (|B|), angle between the

LoS and the magnetic field (θ), area of emission (A),

LoS depth through the GS emitting medium (L), tem-

perature (T ), thermal electron density (nthermal), non-

thermal electron density (nnonth), power-law index of

non-thermal electron distribution (δ), Emin, and Emax.

We have used the ultimate fast GS code by Kuznetsov

& Fleishman (2021b) for GS modeling.

K23 demonstrated that the model GS spectra are

quite insensitive to variations in T and Emax. Hence,

T and Emax are kept fixed at 1 MK and 15 MeV re-

spectively. nthermal is estimated from inversion of the

white light coronagraph images (Hayes et al. 2001). |B|,
θ, A, δ and Emin are fitted, while setting nnonth to 1%

of the nthermal, similar to what has been assumed in

earlier works (Carley et al. 2017; Mondal et al. 2020;

Kansabanik et al. 2023b). L is explicitly fitted only for

region 3 which has seven spectral points available. Its

upper limit is set to Lmax obtained from 3D reconstruc-

tion from multi-vantage point white-light observations

as described in Section 4.1.

The mathematical framework used for joint spectral

fitting using Stokes I detection and Stokes V upper limits

has been discussed in detail in K23 and is summarized

very briefly here. Bayes theorem is used (Puga et al.
2015; Andreon & Weaver 2015) to estimate the posterior

distribution, P(λ|D) of model parameters, λ, given the

data, D, and a likelihood function, L(D|λ). When either

Stokes I or Stokes V detections are used, the likelihood

function is defined as

L1(D|λ) = exp

(
−1

2

N∑
i=1

[
Di −mi(λ)

σi

]2)

=

N∏
i=1

exp

(
−1

2

[
Di −mi(λ)

σi

]2)
,

(3)

where N is the total number of data points, Di, mi(λ),

and σi are the observed values, models values and uncer-

tainty on the measurements respectively. For the case of

upper limits, the likelihood function is defined as follows

(Ghara et al. 2020; Greig et al. 2021; Maity & Choud-

hury 2022)

L2(D|λ) =
N∏
i=1

1

2

[
1− erf

(
Di −mi(λ)√

2σi

)]
, (4)

where erf refers to the error function. When both de-

tections and upper limits are available, one can define

the joint likelihood function as,

L(D|λ) = L1(D|λ) L2(D|λ), (5)

which allows one to use the constraints from the detec-

tions as well as the upper limits. We use the Monte

Carlo Markov Chain (MCMC, Brooks et al. 2011) anal-

ysis to estimate the posterior distribution of parameters

using the joint likelihood function. Although Stokes V

detection was reported earlier (Bastian et al. 2001; Tun

& Vourlidas 2013), for the first time, we have jointly

used Stokes V detection with Stokes I spectra to con-

strain the GS model.

4.1. Estimation of Geometrical Parameters

Multiple vantage point observations using SOHO,

STEREO-A, and STEREO-B spacecraft allow us to per-

form a 3D reconstruction of CME-2. 3D reconstruc-

tion is performed using the Graduated Cylindrical Shell

(GCS; Thernisien et al. 2006; Thernisien 2011) model

using its Python implementation (von Forstner 2021).

We obtained a good visual fit to the GCS model using

the white-light images following the method described

by Thernisien et al. (2009). The GCS model at 01:30

UTC is shown by blue mesh in the top row of Figure

6, where different panels show superposition on COR-2

images from STEREO-A and STEREO-B, and C3 coro-

nagraph images from LASCO. The best visual fit GCS

model parameters at 01:30 UTC are:

1. Front height (hfront) : 17.9 R⊙

2. Half-angle (α) : 46.8◦

3. Carrington Longitude (Φ) : 36.5◦

4. Heliospheric Latitude (Θ) : 14.1◦

5. Aspect Ratio (κ) : 0.45

6. Tilt Angle (γ) : -56.7◦

4.1.1. Estimating Lgeo from GCS Model

We performed ray-tracing through the GCS shell and

computed the geometrical path length (Lgeo) intersected

by the GCS shell of CME-2 for each PSF-sized region

using Python-based ray-tracing code trimesh (Dawson-

Haggerty et al. 2019). All rays originate from the Earth.

The length of the ray segment inside the GCS shell is

regarded as Lgeo for that PSF-sized region. Since, Lgeo
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Figure 6. Top row: Three-dimensional reconstruction of the CME-2 using Graduated Cylindrical Shell (GCS) model. GCS
fitting is constrained using three vantage point observations from the LASCO-C2, C3, and COR-2 coronagraphs onboard
STEREO-A and STEREO-B spacecraft. Blue meshes show different views of the GCS model of CME-2 at 01:30 UTC on
2014 May 04. Bottom row: Distributions of Lgeo for some sample PSF-sized regions of CME-2. Solid black lines represent
LGCS

geo (R⊙)

for the GCS model parameters listed in Section 4.1. Dash-dot magenta lines represent the mode and red dashed lines represent
the median absolute deviation around the mode. The mode and corresponding standard deviations are mentioned in Table 1.

Region Lgeo(R⊙) LGCS
geo (R⊙) sσ(Lgeo) (R⊙) Region Lgeo (R⊙) LGCS

geo (R⊙) σ(Lgeo) (R⊙)

1 2.45 1.73 0.98 7 3.57 4.0 1.25

2 3.05 3.04 0.77 8 4.68 5.13 3.52

3 4.12 4.59 1.23 9 11.94 11.82 1.27

4 12.23 11.62 1.62 – – – –

Table 1. Estimated geometric LoS depth from GCS modeling of south-western CME. The geometric LoS depths
are obtained for red regions using ray tracing from Earth through that region. Geometric LoS depths are given in units of the
solar radius.

is estimated using the numerical method of ray-tracing,

there is no analytic relationship between GCS model

parameters and Lgeo. Hence, it is not possible to es-

timate uncertainty on Lgeo (σ(Lgeo)) using usual error

propagation. To estimate the uncertainty on Lgeo, we

have used an approach of ensemble modeling. We have

generated 10,000 realizations of GCS model parameters

considering independent Gaussian distributions for each

of these GCS parameters. The mean of these Gaussian

distributions was set to the fitted values obtained from

the visual fit. The standard deviation was set to the

uncertainty on GCS model parameters reported in Ver-

beke et al. (2022) based on analysis of several synthetic

CMEs and multi-spacecraft observations. We have then

computed the GCS shells for all combinations of these

GCS parameters drawn from Gaussian distributions and

Lgeo was computed for each of these realizations. Lgeo

for the GCS parameters mentioned in Section 4.1 are

denoted by LGCS
geo .

While the histograms of distributions of Lgeo for most

of the PSF-sized regions show an unimodal distribu-

tion, those for regions 3 and 4 show a bimodal distribu-
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Region
No.

Heliocentric
Distance

|B| (G) δ A× 1020

(cm2)
Emin (keV) θ

(degrees)
L (R⊙) nthermal

×106

(cm−3)∗

nnonth

×104

(cm−3)∗

1 2.65 0.20+0.02
−0.02 2.59+0.53

−0.37 2.06+1.08
−0.93 278.74+293.77

−148.64 38.41+4.31
−2.86 1.42∗ 1.25 1.25

2 2.65 1.72+0.64
−0.52 6.82+1.88

−1.56 4.76+2.94
−1.84 139.65+107.86

−67.09 79.34+5.96
−10.22 1.41∗ 1.25 1.25

3 2.65 3.99+0.71
−0.76 5.94+1.89

−1.10 10.24+7.72
−3.39 35.69+26.07

−16.70 77.67+4.58
−5.69 1.98+2.04

−1.15 1.25 1.25

4 2.65 1.44+0.64
−0.44 4.02+2.34

−1.05 0.94+1.15
−0.47 67.77+133.62

−40.94 53.01+23.68
−18.38 5.12∗ 1.25 1.25

7 3.2 1.61+0.51
−0.86 6.42+2.52

−2.34 2.88+4.81
−2.17 139∗ 71.12+13.33

−17.83 1.78∗ 0.7 0.7

8 3.2 2.36+0.39
−0.56 8.57+2.81

−2.42 10.27+9.67
−6.93 139∗ 64.73+15.70

−12.45 3.03∗ 0.7 0.7

9 3.2 2.49+0.66
−0.49 6.51+1.98

−0.86 5.30+8.68
−2.27 67∗ 63.06+17.10

−12.19 4.88∗ 0.7 0.7

Table 2. Estimated GS model parameters of CME-2 considering homogeneous GS source model. These parameters
are estimated for 01:24:55 UTC. Parameters marked by ∗ are kept fixed during the fitting.

tion with a secondary peak of much lower amplitude, as

shown in the bottom row of Figure 6. We found that the

Lgeo (marked by solid black lines in the bottom row of

Figure 6) corresponding to the GCS model parameters

mentioned above lie close to the mode of the distribu-

tion (marked by a dash-dot magenta line in the bottom

row of Figure 6). Hence, instead of using the mean or

the median, the mode value is used as Lgeo and standard

deviation, σ(Lgeo), is estimated as 1.4826×MAD, where

MAD is the “median absolute deviation” with respect to

mode value (assuming the distribution is quasi-Gaussian

around the mode). Lgeo ± σ(Lgeo) are shown by dashed

red lines in the bottom row of Figure 6. It is important

to note that LoS depth in the GS model (L) could be

different from Lgeo. Lgeo and σ(Lgeo) are tabulated in

Table 1. The maximum value of L for a given region is

chosen to be Lmax = Lgeo + σ(Lgeo).

4.2. Joint Spectral Fitting of Stokes I and V Spectra

Using Homogeneous GS Model

A joint spectral fitting is done using Stokes I and V

spectra for all regions marked in red or yellow in the

right panel of Figure 5. Uniform priors, π(λ), used for

the GS model parameters are:

1. B (G) : (0, 10]

2. θ (degree) : (0, 90)

3. δ : (1, 10]

4. A× 1020 (cm2) : [0.0001, 100]

5. Emin (keV) : (0.1, 100]

6. L (R⊙) : (0.01, Lmax].

Modeled and observed Stokes I and V spectra are

shown in Figure 7. Modeled spectra are consistent with

the observed Stokes I spectra and Stokes V upper limits

for regions 1, 2, 3, 7, 8, and 9 as evident from Figure

7. GS model parameters are well-constrained as evident

from the posterior distribution of GS model parameters

for region 2 shown in Figure 8.

The spectrum for Region 3 has seven Stokes I spectral

points. Hence, for region 3, L is kept as a free parame-

ter. Fractional GS source depth, f = L/Lmax, for this

region is ∼ 0.37. For other regions, there are less than

seven spectral points. Hence, to keep the number of free

parameters in check, f for other regions is assumed to

be similar to that for region 3, and L is kept fixed at

L = f × Lmax and mentioned in Table 2. For regions 7,

8, and 9, there are 5 spectral points. For these regions,

Emin is also kept fixed at the values estimated for nearby

regions. GS model parameters for all these regions are

presented in Table 2.

The importance of sampling the spectral peak of GS

spectra for constraining the GS model parameters was

demonstrated by K23. For regions 1 (shown in the top

panel of Figure 7) and 4 of CME-2, only the optically

thick part of the spectra have been sampled. For these

regions, GS model parameters are not well-constrained.

5. EXAMINING THE VALIDITY OF

HOMOGENEOUS AND ISOTROPIC

ASSUMPTIONS OF GS MODEL

Since the first attempt to model GS emission from

CME loops to estimate plasma parameters and mag-

netic field by Bastian et al. (2001), all studies have as-

sumed a homogeneous and isotropic GS source model.

At the same time, no observational evidence has been

reported to suggest that this assumption is not valid.

The modeling of the observed spectra of CME-2 from
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Figure 7. Observed and fitted spectra for regions 1, 2, 3, 7, 8, and 9 of CME-2. First and second rows: Stokes
I spectra are shown. Red points represent the observed flux densities. Third and fourth rows: Stokes V spectra are shown.
Blue points represent the observed upper limits. Green points show the Stokes V detections. The black lines represent the GS
spectra corresponding to GS parameters reported in Table 2. Light yellow lines show the GS spectra for 1000 randomly chosen
realizations from the posterior distributions of the GS model parameters resulting from a total of 1,000,000 MCMC chains.

regions 3, 7, 8, and 9 and CME-1 (presented in K23)

including Stokes I spectra and stringent Stokes V upper

limits also use homogeneous and isotropic GS models

and yield well-constrained model parameters consistent

with the observations.

This is, however, not the case for regions 1 and 2 of

CME-2. These two regions are different from others in

that Stokes V emission has been detected from these re-

gions at 98 MHz. Observed and modeled Stokes I and

Stokes V spectra for regions 1 and 2 are shown in the

first and third rows of Figure 7, respectively. While the

peak of the spectrum lies beyond the MWA frequency

range for region 1, the spectral peak has been sampled

well for region 2. More importantly perhaps, while it is

possible to find GS models consistent with the Stokes I

measurements and the Stokes V upper limits, there is
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Figure 8. Correlation of posterior distributions of GS model parameters for region 2. 2-dimensional plots show the
joint probability distribution of any two parameters. The contours are at 0.5, 1, 2, and 3σ. The solid lines in the 1-dimensional
histogram of posterior distributions mark the median values, and the vertical dashed lines mark the 16th and 84th percentiles.
The median values are also marked in the panels showing the joint probability distribution.

no GS model in the entire phase space explored which

is simultaneously also consistent with the lone Stokes

V measurement at 98 MHz. The ranges of the physi-

cal parameters explored here are sufficiently wide and it

would be hard to justify expanding them beyond their

present values. A situation like the present, where a

good model fit can be found for less constraining data,

but as the constraints become tighter, it is no longer pos-

sible to find a good model fit, strongly suggests the need

to critically examine the possibility of one or more of

the assumptions made by the model being violated. To

examine this possibility and attempt to identify the spe-

cific assumption being violated, we systematically exam-

ine these assumptions, one at a time in the remainder

of this section. The key assumptions examined are –

restricting the electron energy distribution to a single
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power law, ignoring any anisotropy in the nonthermal

electron pitch-angle distribution, and the assumption of

homogeneity in the plasma present in the volume being

modeled by the GS model.

5.1. Possible Effects of Different Electron Energy

Distributions

The ultimate fast GS code developed by Kuznetsov

& Fleishman (2021b) allows the flexibility to model GS

emission using different analytical electron energy dis-

tribution functions – single (PLW) and double power-

law (DPL) distributions, thermal/nonthermal distribu-

tion over energy (TNT), isotropic thermal and power-

law over energy (TPL) and isotropic thermal and double

power-law over energy (TPD) (Fleishman & Kuznetsov

2010). We have considered these different electron en-

ergy distributions. The observed Stokes I and V spectra

for region 2 are fitted jointly considering homogeneous

and isotropic GS model with each of these electron dis-

tributions. DPL and TPD models require a larger num-

ber of free parameters. To keep the problem well con-

strained, the geometric parameters A and L are kept

fixed at the value mentioned in Table 2 for all three

models considered.

For all of these distributions, the modeled spectra are

consistent with the Stokes I flux densities and Stokes V

upper limits. However, the lone observed Stokes V de-

tection is not consistent with any of the models. This

exercise establishes that none of the prevalent homoge-

neous and isotropic electron density models can repro-

duce the observed Stokes I and V spectra simultane-

ously.

5.2. Possible Effects of Anisotropic Electron

Distribution

The mildly-relativistic electrons injected in CME

plasma either due to magnetic reconnection or shock ac-

celeration could well be anisotropic (DuBois et al. 2017;

Agudelo Rueda et al. 2021) during the initial phases

and the anisotropy can sustain till later times (Simnett

et al. 2002; Giacalone et al. 2021). This anisotropic

distribution becomes isotropic over time due to colli-

sional or turbulent scattering (Kuznetsov & Fleishman

2021b). Hence, it is interesting to consider the impact

of an anisotropic pitch-angle distribution for modeling

the observed GS spectra for region 2 of CME-2. We

have considered two types of analytical pitch-angle dis-

tribution available in ultimate fast GS code (Kuznetsov

& Fleishman 2021b). These are – Gaussian beam dis-

tribution (GAU) and Gaussian loss-cone distribution

(GLC)(Fleishman & Kuznetsov 2010).

GS spectrum modeling is performed for region 2 of

CME-2 considering homogeneous PLW electron distri-

bution with both GLC and GAU pitch-angle distribu-

tions. The modeled spectra for GAU and GLC pitch-

angle distributions are unable to reproduce the observed

Stokes I and V simultaneously.

5.3. Insufficiency of Homogeneous GS Model

K23 demonstrated that including even the sensitive

upper limits from Stokes V observations along with the

Stokes I spectrum can significantly improve the ability

to constrain the GS model parameters. The preceding

discussion shows that despite the availability of stringent

Stokes V upper limits and Stokes I spectrum, a Stokes V

detection even at a single spectral point can provide sig-

nificant additional information. However, the routinely

used GS modeling approach is unable to find a model

consistent with Stokes V detection, Stokes V upper lim-

its, and Stokes I spectrum simultaneously. This led us to

critically examine the assumptions made during the GS

modeling process. We have just demonstrated that con-

sidering more general electron energy distributions and

accounting for the impact of their pitch-angle distribu-

tions, while holding the assumption of homogeneity, are

not sufficient to meet these constraints. The only re-

maining assumption is that of homogeneity in the CME

plasma, both along the LoS and within the PSF-sized re-

gion, being modeled. Given that it is already well known

that the plasma and magnetic field comprising a CME

are inhomogeneous, the need for exploring such models

is hardly surprising. On the other hand, the Stokes I

spectra have always been found to be consistent with

homogeneous and isotropic GS models in this and ear-

lier studies. Since all earlier studies only used the Stokes

I spectrum to model the GS emission, there was never

any need to consider an inhomogeneous GS model.

Given the Stokes V detection only at a single fre-

quency, it is not possible to constrain an inhomogeneous

GS model using the current observations. But, in light

of the demonstration of the inability of the homogeneous

models to explain both Stokes I and V observations

simultaneously, we take the first steps toward under-

standing the impact of inhomogeneity on the GS spec-

tra using simple toy simulations. The results from these

toy simulations will help assess the sensitivity of dif-

ferent GS model parameters to inhomogeneity. As and

when Stokes V measurements become available across

the band this information will serve to guide the mod-

eling process. These toy simulations are described next.

6. EFFECTS OF INHOMOGENEITY ON GS

SPECTRUM

A homogeneous and isotropic GS model has ten free

parameters. For an inhomogeneous GS model, the num-
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Figure 9. Effects of inhomogeneous distributions of GS model parameters on simulated spectra. First and third
columns: Simulated Stokes I spectra. Second and fourth columns: Simulated Stokes V spectra. Different colors represent
Gaussian distribution with different widths mentioned at the top of the figure.

ber of free parameters will increase substantially. Model-

ing these large numbers of free parameters with a limited

number of spectral measurements reduces the ability to

effectively constrain them. Hence, we start by trying

to isolate and quantify the impact of inhomogeneity in

individual parameters of the GS models on the Stokes

I and V GS spectra using toy models, so that the pa-

rameter with higher sensitivities to inhomogeneity can

be identified.

6.1. Description of the Simulation

We have performed two simulations to understand the

effects of inhomogeneities on the GS spectra. Two of the

ten GS model parameters are related to the geometry of

the CME (A and L) and the concept of inhomogeneity

does not apply to them. For all other parameters, except

θ, we have simulated the Stokes I and V spectra for a

Gaussian distribution of these parameters along the LoS.

6.1.1. Simulation 1: Effects of Gaussian Distribution of
Plasma Parameters

Stokes I and V spectra are simulated for different

plasma parameters following a Gaussian distribution

along the LoS having the form

p(l) = p0 exp

−( l − lmax

2

σ

)2
 , (6)

where p(l) is the value of the plasma parameter at LoS

segment l, p0 represents the maximum value of the

plasma parameter, lmax is the maximum length of the

LoS and σ the width of the distribution. σ values are

presented in units of R⊙ in Figure 9 and are denoted by

σ⊙. For each of the parameters, a fiducial value is iden-

tified within a physically motivated range of values and

is used as the maximum value (p0) for the simulation.

These fiducial values are – i) |B|0 = 6 G, ii) θ = 80◦,

iii) A = 1020 cm2, iv) T0 = 106 K, v) nthermal,0 =

1.25 × 106 cm−3, vi) nnonth,0 = 1.25 × 104 cm−3, vii)

δ = 4, viii) L = 5× 1010 cm, ix) Emin = 10 keV and x)

Emax = 15 MeV. We divided the GS source into 1000

LoS segments for this simulation, each of length 0.005

R⊙. σ is varied between 1 R⊙ and 5 R⊙. These lim-

its are chosen in such a way that at the lowest σ the

Gaussian distribution is highly peaked and essentially

vanishes beyond a few solar radii, while at the high-

est σ the distribution comes close to the usual homo-

geneous distribution considered in earlier simulations.
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Figure 10. Simulated GS spectra for inhomogeneous and mean homogeneous distribution of CME plasma
parameters. First column: Simulated Stokes I spectra. Second column: Simulated Stokes V spectra. Third column:
Distribution of plasma parameters along the LoS. Simulated spectra for inhomogeneous and mean homogeneous distributions
are shown by solid and dashed lines, respectively.
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These choices have been made to allow us to examine

the impact of homogeneity on the spectra.

In these toy simulations, only one GS plasma param-

eter is considered to be inhomogeneous at any time. All

other model parameters are regarded to be homogeneous

and set to their respective fiducial values. Simulated

Stokes I and V spectra are shown in Figures 9. It is evi-

dent from the bottom row of Figure 9 that the inhomo-

geneity in nthermal and T does not have any effect on the

observed Stokes I or V spectra. Other plasma parame-

ters – |B|, δ, nnonth and Emin – show significant effects

on both Stokes I and V spectra. With increasing inho-

mogeneity (i.e., decreasing σ), the peak frequency and

peak flux density of the Stokes I and V spectra decreases

for nnonth, Emin and |B|. It is also found that the effect

of inhomogeneity on the Stokes I spectra is seen only in

the optically thin part of the spectra (i.e. at frequencies

higher than the peak of the spectrum), while it is evi-

dent in both optically thick and thin parts of the Stokes

V spectra. For both Stokes I and V, the flux density

decreases with increasing inhomogeneity in |B|, nnonth

and Emin, and the spectral peak shifts to lower frequen-

cies. Unlike these three parameters, even a low level of

inhomogeneity in δ leads to significant changes in both

Stokes I and V spectra.

6.1.2. Simulation 2: Effects on Modeling an
Inhomogeneous GS Source with Homogeneous Model

Since homogeneous GS models have routinely been

used to model GS emissions, it is also important to un-

derstand their efficacy at estimating the mean value of

the distribution of the relevant plasma parameters. To

understand this, we first simulated the Stokes I and V

GS spectra corresponding to a Gaussian distribution of

the model parameters along the LoS, taken one at a time

– |B|, nnonth, Emin and δ – for a few different Gaussian

widths. All other parameters were fixed at the fiducial

values mentioned in Section 6.1.1. The corresponding

GS spectra are shown by solid lines in Figure 10. We

then compute the GS spectra corresponding to a homo-

geneous model with the Gaussian distribution replaced

by its mean value. The mean values are marked by

dashed lines in Figure 10 and the corresponding simu-

lated Stokes I and V spectra by dashed lines in the same

figure.

It is evident from the first row of Figure 10 that while

different Gaussian distributions of nnonth produce dif-

ferent Stokes I and V spectra, the corresponding homo-

geneous GS model set to the mean value of nnonth lead

to essentially identical Stokes I and V spectra. This

implies that a homogeneous GS model can provide an

accurate estimation of the mean nnonth along the LoS.

For the other three parameters – |B|, Emin and δ –

there are significant differences between spectra result-

ing from inhomogeneous and homogeneous distributions

set to the corresponding mean value of the parameter,

inhomogeneity in which is being explored. These differ-

ences grow larger as the width of Gaussian distribution

grows smaller, i.e. with an increase in the degree of

inhomogeneity along the LoS. Conversely, as should be

expected, the two spectra come closer to each other as

σ increases and the degree of inhomogeneity decreases.

These toy simulations show that the ability of a ho-

mogeneous model to represent the mean of the true in-

homogeneous distribution for |B|, Emin and δ, even for

the simplest of inhomogeneous models, is dependent on

the level of inhomogeneity present in the medium and

grows poorer with increasing degree of inhomogeneity.

For large enough levels of inhomogeneity, the GS model

spectra will differ significantly from the ones correspond-

ing to the mean values of the distributions.

7. CONCLUSION

As pointed out in Section 1, detection of CME GS

emission is challenging and this has resulted in only a

handful of successful studies being available in the lit-

erature. The dataset chosen for this study was particu-

larly challenging. Radio emission from this event is faint

and the observation was done at the lowest allowed el-

evation of the MWA, where the instrument has its low-

est sensitivity. Stokes V flux density being only a frac-

tion of Stokes I, implies that Stokes V detection is even

more challenging than that for Stokes I. Nonetheless,

this study has detected Stokes I emission with high sig-

nificance over a spatially extended region and across es-

sentially the entire MWA observing band. We have also

detected Stokes V emission, though at a single spectral

point and over a much smaller spatial extent, and placed

sensitive upper limits on fractional circular polarization

over the rest of the region where Stokes I emission was

detected.

For the first time, this work uses Stokes V detection

and upper limits jointly with the Stokes I spectrum to

constrain the GS model parameters of a CME. A similar

approach, to model GS emission from stellar emissions

using both Stokes I and V spectra, has also been at-

tempted recently (Golay et al. 2023). As additional ob-

servational constraints become available, one expects to

be able to better constrain the GS models. Contrary to

this, we find that no model in the reasonable part of the

solution phase space can meet all of the observational

constraints imposed by the data. This situation, where

less constraining data leads to a good model fit and more

constraining data does not, strongly suggests that one

should examine the model and the assumptions it makes.
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GS Model
Parameter

Stokes I Spectrum Stokes V Spectrum Effects of Using Homogeneous
Model

nnonth Peak flux density decreases with in-
creasing inhomogeneity. Only opti-
cally thick part of the spectrum is
affected.

Peak flux density decreases with in-
creasing inhomogeneity. Both opti-
cally thin and thick part of the spec-
trum are affected.

Mean value of nnonth is recovered.

|B|, Emin Peak flux density decreases with in-
creasing inhomogeneity. Only opti-
cally thick part of the spectrum is
affected.

Peak flux density decreases with in-
creasing inhomogeneity. Both opti-
cally thin and thick part of the spec-
trum are affected.

Do not recover mean value of the
distribution.

δ Similar changes observed with
smaller inhomogeneity.

Similar changes observed with
smaller inhomogeneity.

Do not recover mean value of the
distribution.

T , nthermal No effect No effect No effect

Table 3. Effects of inhomogeneity of GS model parameters

It is well known from magnetic flux-rope models (e.g.,

Isavnin 2016; Möstl et al. 2018, etc.) that CME plasma

parameters are not expected to be homogeneous along

the LoS. Nonetheless, they have always been assumed to

be so in all prior works studying CME GS emission. In

fact, these simplifying assumptions have been essential

because the constraints available from the observations

are not enough to constrain the more detailed and phys-

ically meaningful GS source models which require many

more free parameters. Among other things, this work

presents a systematic, though limited, study of the im-

pact of the violation of the assumption homogeneity on

the observed GS spectra.

To explore the reasons behind the inability of GS mod-

els used to describe the observed spectra, we systemat-

ically explored the possibility of the assumptions made

by the GS models used being violated – electron en-

ergy distribution being different from a single power law;

anisotropy in electron pitch-angle distribution; and in-

homogeneities in the distribution of any of the many

plasma parameters along the LoS. In the limited but

illuminating exploration done here, it is found that a

homogeneous GS model with different electron energy

distributions or different pitch-angle distributions can-

not reproduce the observed Stokes I and V simultane-

ously. To build a quantitative sense for the impact of

inhomogeneity on the observed Stokes I and V spectra,

we carried out a set of toy simulations where only one of

the GS model parameters was allowed to vary along the

LoS in a Gaussian manner, while all others were held

constant, i.e. deemed to be homogeneous. These toy

simulations allowed us to identify the effects of inhomo-

geneity in different plasma parameters individually on

Stokes I and V GS spectra. They led to the conclusion

that inhomogeneity in thermal electron distribution and

temperature have negligible impact on the observed GS

spectra. Inhomogeneity in magnetic field and nonther-

mal electrons, on the other hand, were found to lead to

significant effects on both the Stokes I and V GS spectra.

All of the GS observations have, thus far, been mod-

eled assuming the plasma filling the modeled volume to

be homogeneous. Hence, in light of the above evidence

for the insufficiency of homogeneous GS models, it is

useful to ask the following question – if the observed GS

spectra are truly arising from inhomogeneous plasma

distributions, how close these spectra are to those gen-

erated using the mean value of this distribution? A

corollary is that if we were to fit these spectra using ho-

mogeneous GS models, how close would the best fit GS

parameter values be to the means of the distribution?

We carried out a set of simplistic simulations to examine

this using toy models where GS model parameters were

distributed along the LoS in an inhomogeneous manner

only one at a time and compared with model spectra

generated using the mean of the distribution. These led

to the conclusion that inhomogeneities in nnonth have

very little impact on the observed GS Stokes I and V

spectra. However, for inhomogeneities in distributions

of |B|, Emin, and δ, the similarity of the true inhomo-

geneous spectra to those generated using mean homoge-

neous GS models depends on the level of inhomogene-

ity. As the distribution of plasma parameters becomes

increasingly inhomogeneous, the difference between the

two grows larger and the GS spectra cannot be correctly

modeled assuming homogeneous models. These findings

are summarized in Table 3.

The CME studied here is quite weak and the site of GS

emission lies well behind the CME leading edge. It co-
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incides with the location of a streamer which also shows

some signatures of interaction with the CME. Hence, it

seems very likely that the majority of the nonthermal

electrons giving rise to GS emission originate from the

small-scale magnetic reconnections between the CME

and the streamer magnetic fields. Possible reasons that

might lead to inhomogeneities in the volume modeled

for GS emissions are – the nonthermal electrons are yet

to homogenize and isotropize and the presence of recon-

nection sites themselves introduces significant inhomo-

geneity. Perhaps this forms an important distinguishing

factor between this and other instances where GS emis-

sions from CMEs have been studied.

8. FUTURE WORK

On the observational front, we note that the noise

levels of the solar images achieved by P-AIRCARS used

here are usually within a factor of ∼ 1.5 of the expected

thermal noise (Kansabanik et al. 2022b). This implies

that we are close to the limits of what can be delivered

by these data. So more sensitive observations, needed

to routinely detect/place stronger upper limits on Stokes

V over larger volumes, will need to wait for future more

sensitive instruments. The MWA Phase-III is already

being pursued and will double its collecting area. We

are actively working on enabling solar observations with

the mid-frequency precursor of the Square Kilometre Ar-

ray Observatory (SKAO), MeerKAT (Kansabanik et al.

2023). This will be the best available instrument for

pushing this science to higher frequencies. Hence it will

allow us to perform similar studies at lower heliospheric

distances and will also provide higher angular resolu-

tion. Both the low- and mid-frequency telescopes of

the SKAO are expected to become available later this

decade and will enable observations with much higher

sensitivity and imaging fidelity.

On the modeling front, it is reasonable to expect the

reality to only be more complex, with the distributions

of multiple, perhaps all, parameters being inhomoge-

neous and more complicated than the simplest possi-

bility of a Gaussian distribution considered for our toy

simulations. The currently available data and/or mod-

eling approaches do not have the ability to constrain the

much larger number of free parameters required for an

inhomogeneous model. However, one aspect that is yet

to be explored in the GS modeling of CMEs is to model

the entire spatially resolved emission as coming from a

single large structure, rather than the current practice

of treating each PSF-sized region independently. By ig-

noring the physical continuities that must exist in the

distribution of plasma parameters this approach, on the

one hand, artificially inflates the number of model pa-

rameters that need to be constrained and, on the other,

makes sub-optimal use of the available constraints.

As our ability to detect spatially resolved Stokes I

and V emission over extended regions and the angu-

lar resolution of our images improves, this approach

will become increasingly interesting to explore. By try-

ing to constrain a single spatially varying model span-

ning the entire extent of the detected emission, this

approach has the potential to significantly reduce the

number of free parameters in the problem. Though,

not an apples-to-apples comparison, similar physics-

based three-dimensional modeling of GS emission from

flare loops have already been performed (e.g. Kuznetsov

et al. 2011; Reznikova et al. 2014; Van Doorsselaere

et al. 2016). Using spectroscopic imaging observations of

flares at microwave frequencies, these models have been

used to constrain flare parameters. Following a similar

approach for constraining GS emission from CMEs can

be the next step in this area of research.

We believe that with the confluence of availability of

more sensitive images spanning a broader spectral cov-

erage and with higher angular resolution expected to

become available from upcoming instruments; and the

insights gained here, we are well poised to place mean-

ingful constraints on CME physical parameters using

their GS emission.

Facilities: Murchison Widefield Array (MWA; Lons-

dale et al. 2009; Tingay et al. 2013),Solar and Helio-

spheric Observatory (SOHO; Domingo et al. 1995), So-

lar Terrestrial Relations Observatory (STEREO, Kaiser

et al. 2008)

Software: astropy (Astropy Collaboration et al.

2013, 2018, 2022), matplotlib (Hunter 2007), Numpy

(Harris et al. 2020), CASA (McMullin et al. 2007; The

CASA Team et al. 2022), P-AIRCARS (Kansabanik

et al. 2022a), GCS-python (von Forstner 2021), GScode

(Kuznetsov & Fleishman 2021a), JHelioviewer (Müller,

D. et al. 2017)
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